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Abstract
The 2012 East Indian Ocean earthquake (Mw 8.6), so far the largest 
intraoceanic plate strike‐slip event ever recorded, modulated tectonic 
tremors in the Cascadia subduction zone. The rate of tremor activity near 
Vancouver Island increased by about 1.5 times from its background level 
during the passage of seismic waves of this earthquake. In most cases of 
dynamic modulation, large‐amplitude and long‐period surface waves 
stimulate tremors. However, in this case even the small stress change 
caused by body waves generated by the 2012 earthquake modulated tremor
activity. The tremor modulation continued during the passage of the surface 
waves, subsequent to which the tremor activity returned to background 
rates. Similar tremor modulation is observed during the passage of the 
teleseismic waves from the Mw 8.2 event, which occurs about 2 h later near 
the Mw 8.6 event. We show that dynamic stresses from back‐to‐back large 
teleseismic events can strongly influence tremor sources.
1 Introduction
Since the discovery of tectonic tremors [Obara, 2002], accumulating high‐
precision data suggest that tremors are composed of many overlapping 
events, individually called low‐frequency earthquakes (LFEs) [Shelly et al., 
2007, 2011]. In addition, very low frequency earthquakes are associated with
tremor activity and release significant amount of seismic moment during 
major tremor episodes [Ghosh et al., 2015]. Episodic tremor and associated 
slow slip or episodic tremor and slip (ETS) events occur in the transition zone
between the seismogenic, locked plate‐boundary fault to the deeper 
aseismically slipping plate‐interface in diverse tectonic settings [Peng and 
Gomberg, 2010]. Each individual LFE represents shear slip that is too small 
to detect geodetically, but the largest ETS events can be resolved 
geodetically, showing that the tremors illuminate extensive slow‐slip 
episodes on the plate interface [Ide et al., 2007; Bartlow et al., 2012]. For 
example, along the northern Cascadia subduction zone, the largest ETS 
events rupture areas of up to ~50 km by ~300 km with only a few centimeter
of slip, approximately every ~14 months [Bartlow et al., 2012]. From a 
seismic hazard perspective, ETS events are important as they may transfer 
stress to the updip seismogenic plate interface with a potential to trigger a 
megathrust earthquake [Dragert et al., 2004; Mazzotti and Adams, 2004; 
Wech and Creager, 2011]. More specifically, the seismogenic plate interface 
may experience a discrete increase in stress with each individual ETS [Wech 
and Creager, 2011]. In fact, a large tremor episode was found to trigger 
small earthquakes located near the plate interface in Cascadia and New 
Zealand [Delahaye et al., 2009; Vidale et al., 2011].
Tremor activity shows transient modulation in response to earth tides 
[Thomas et al., 2013; Thomas et al., 2009; Hawthorne and Rubin, 2010] and 
the passage of radiating seismic waves from distant earthquakes [Ghosh et 
al., 2009; Gomberg, 2010; Shelly et al., 2011]. It is characterized by noise‐
like emergent waveforms, predominantly devoid of high‐frequency energy 
compared to regular earthquakes. Tremor durations range from a few 
seconds to days with waveform envelopes that are coherent across many 
seismic stations miles apart. Nonvolcanic tremor and low‐frequency 
earthquakes have been reported in both subduction zones and transform 
plate boundary regions around the world [Peng and Gomberg, 2010; Peng 
and Gomberg, 2010; Shelly et al., 2011]. Besides the SW‐Japan region 
[Obara et al., 2004], the Cascadia subduction zone in the Pacific Northwest 
of North America is probably the best instrumentally monitored region for 
tremor and ETS. The clearest and most emphatic dynamic triggering and 
tremor modulation is caused by the long‐period Love and Rayleigh waves. So
far, only a few cases have been reported of triggering/modulation due to 
body waves [Ghosh et al., 2009; Shelly et al., 2011; Miyazawa, 2012]. 
Specifically, the mechanism of tremor and its reaction to the dynamic 
stressing from various phases of body and surface waves are poorly 
understood. Here we scrutinize the modulation of seismic tremor in the 
Cascadia subduction zone by the 11 April 2012 Mw 8.6 East Indian Ocean 
earthquake (Figure 1a), so far the largest intraoceanic plate strike‐slip event 
ever recorded [McGuire and Beroza, 2012]. In Cascadia, the oceanic Juan de 
Fuca plate subducts below the North American plate between Mid‐Vancouver
Island and Northern California, at a relative convergence rate of ~4 cm/yr. 
The transition zone between the locked and aseismically slipping plate 
interface hosts the tremor activity. Along the Cascadia subduction zone ~2–
3 cm of transient surface displacement due to major ETS events occurs over 
a period of ~3 weeks with recurrence intervals varying between 10 to 19 
months [Brudzinski and Allen, 2007], interspersed by smaller quasi‐
continuous “inter‐ETS” tremor sequences [Ghosh et al., 2012; Wech and 
Creager, 2011].
We observe that during the passage of seismic waves of the 2012 East 
Indian Ocean earthquake (Mw 8.6), the rate of tremor activity on Vancouver 
Island of northern Cascadia increased by more than 1.5 times from the 
ongoing tremor activity of a small tremor swarm (Figures 1b and 1c). The 
modulated tremor activity starts after the arrival of the shear body waves 
and continued during the passage of surface waves, after which it abruptly 
returned to background rates. The process is captured by the sensitive 
borehole strainmeter and seismograph network of the Plate Boundary 
Observatory (PBO) operated by University NAVSTAR Consortium (UNAVCO), 
broadband seismogram data archived by the Canadian National 
Seismograph Network (CNSN), and tremor catalogue data from the Pacific 
Northwest Seismic Network (PNSN).
2 11 April 2012 Mw 8.6 East Indian Ocean Earthquake
On 11 April 2012, at 08:38:37 UTC, a great intraoceanic plate strike‐slip 
earthquake (Mw 8.6) occurred in the East Indian Ocean region on the Indo‐
Australian plate, about 200 km west of the Sumatra subduction zone. Two 
hours later, another earthquake (Mw 8.2) occurred about 180 km south of the 
main shock (Figure 1a). The main shock is probably the largest intraplate 
event ever recorded in the modern era of instrumental seismology [McGuire 
and Beroza, 2012]. It was a complex event, rupturing a series of subparallel 
(approximately north‐south) and conjugate faults (Figure 1a) with 
predominant moment release in a 100–160 s time span [Kiser, 2012; Wang 
et al., 2012; Meng et al., 2012; Yue et al., 2012; Pollitz et al., 2012; Ishii et 
al., 2013]. Reported GPS‐derived coseismic offsets [Yadav et al., 2013] are 
consistent with finite slip models derived from broadband body and surface 
waves recorded by the global networks [Yue et al., 2012]. These conjugate 
intraoceanic ruptures were encouraged by stress transfer from the 2004 
Sumatra‐Andaman and 2005 Nias earthquakes [Delescluse et al., 2012; 
Wiseman and Bürgmann, 2012]. Pollitz et al. [2012] reported that the 2012 
intraoceanic plate earthquake remotely triggered a large number of 
earthquakes (including Mw ≥ 5.5) worldwide. These earthquakes were 
preferably located in the four lobes of Love‐wave radiation, and most of them
occurred where the dynamic shear strain exceeded 10−7 for 100 s during 
dynamic wave propagation [Pollitz et al., 2012]. However, none of the 16 Mw 
≥ 5.5 trigger candidates during the first 6 days occurred before 14 h after the
main shock, suggesting delayed triggering by aseismic deformation, fluid 
flow, or other transient processes [Johnson and Bürgmann, 2015; Delorey et 
al., 2015]. Reports of triggered tremor activity from the Mw 8.6 event include 
the Kyushu, Nankai, Kanto, and Hokkaido regions in Japan [Chao and Obara, 
2015] and near Queen Charlotte Island, Canada [Aiken et al., 2013].
3 Modulated Tectonic Tremor in Vancouver Island, Cascadia
Figure 1c shows the tremor activity near Vancouver Island, which was 
modulated after the arrival of seismic waves from the 2012 Mw 8.6 East 
Indian Ocean earthquake. The increase in tremor activity started at around 
09:11:10 UTC at a location which is different from the earlier triggered 
tremor sources [Rubinstein et al., 2007; Rubinstein et al., 2009; Chao et al., 
2013]. We also observe that the rate of tremor activity significantly 
increased after the arrival of body waves of the 2012 earthquake. The time 
of first arrival (Pdiff) of teleseismic waves of the Mw 8.6, 2012 earthquake in 
this region (e.g., as seen at the PGC site of the CNSN network) is 08:53:37 
UTC. The increase in tremor activity at around 09:11:10 UTC coincides with 
the arrival of shear body waves and lasted for about ~2 h during which body 
and surface waves of the Mw 8.6 event arrived (Figure 2). We have defined 
the “effective‐modulation window (EMW)” (marked by a gray bar in Figure 
1c) as the time window bounded by the first Pdiff wave arrival (i.e., Pdiff = 
08:53:37 UTC) and the final passage of major Rayleigh wave trains for the 
Mw 8.6 event (09:39:10 UTC). There appears to be a sudden jump in tremor 
activity (about 1.5 times of background tremor activity level) within the EMW
(green curve in Figure 1c); however, it is not possible to uniquely distinguish 
between the modulated tremor and background tremor within the EMW 
(Figure 1c). Since tremor is ongoing even before the arrival of teleseismic 
waves, we refer to the pulses of tremor and its increased frequency within 
the EMW as modulated tremor activity.
The strainmeter records in Vancouver Island document the time and duration
of the teleseismic wave arrivals, which lasted for about 4 h (Figure 1c). The 
maximum transient shear strain was 0.13 × 10−6 for the Mw 8.6 earthquake 
and 0.04 × 10−6 for the Mw 8.2 aftershock (Figure 1c). The tremor activity was
recorded at three borehole seismometers co‐located with the strainmeters, 
namely, B009, B011, and B926 (Figure S1 in the supporting information). 
Stations far away from the tremor location do not exhibit any tremor‐like 
signal during this period. The accelerated tremor activity at the nearby 
stations was decayed to the initial background rate before the arrival of 
teleseismic waves of the Mw 8.2 aftershock (Figure S1).
We analyze the waveforms at the nearest broadband seismic station (PGC 
belonging to CNSN network) in further detail (Figure 2). The high‐frequency 
waveforms (2–8 Hz) of modulated tremors at this station are synchronous 
with the lower frequency larger‐amplitude arrivals of the body and surface 
waves of the 2012 East Indian Ocean earthquake (Mw 8.6). The modulated 
tremor activity (Figure 2) does not start instantaneously with the first arrival 
of the teleseismic wave (i.e., Pdiff) but initiate during the arrival of shear 
wave phases (between the arrival of Sdiff and SS), well before the arrival of 
surface waves of the Mw 8.6 event. The effective increase in the overall rate 
of catalogued tremor events is consistent with these observations (Figure 
1c).
Enhanced tremor activity further continues during the passage of surface 
waves (i.e., both Rayleigh and Love waves). It is evident that the tremor 
sequence consistently tracked the high‐amplitude phases of the surface 
waves (Figures 2c and 2d). The timing of onsets of tremor bursts is 
coincident with the large‐amplitude phases of the earthquake waveform, 
which implies a modulating phenomenon. Another notable feature is the 
amplitude of tremors during the EMW. The amplitudes increase significantly 
above the background tremor amplitudes, suggesting much higher seismic 
energy release in tremor form within the EMW (Figure 2b). The tremor 
modulation continues during the passage of the surface waves, after which it
was abruptly terminated and the activity diminished to initial background 
rate. Tremor activity continues during the passage of teleseismic waves of 
the Mw 8.2 event, which occur about 2 h after the main shock. Tremor is 
clearly modulated by the teleseismic surface waves. During the passage of 
the S waves, tremor modulation is not as obvious although tremor activity is 
fairly strong. Because of the ongoing spontaneous tremor episode and lack 
of clear tremor modulation, it is difficult to assess if tremor activity is 
influenced by the teleseismic body waves from the Mw 8.2 event. However, 
we observe clear bursts of tremor during the passage of surface waves, 
particularly during Rayleigh waves (Figures 4 and S1). The inter‐ETS swarm 
ended about 7 h later (Figures 1c and S1).
The above observations motivate us to further probe the tremor modulation 
process in detail. Using nearby stations' waveform data, we have located the
modulated tremor in Cascadia (Figures 3 and 4). We only use stations with 
high signal‐to‐noise ratio. Interestingly, tremor is located in a linear fashion 
parallel to the slip direction of the subduction zone. It is generally consistent 
with the tremor locations determined by PNSN, although it does not resolve 
the linear feature. The tremor locations are organized as an elongated patch 
parallel to the slip vector. Similar slip‐parallel tremor streaks have previously
been reported in Cascadia [Ghosh et al., 2010]. However, it is not possible to
resolve tremor movement at this scale using an envelope cross‐correlation 
approach, and therefore, it is difficult to estimate direction of tremor streak 
propagation, speed etc. The strong slip‐parallel linear alignment of tremor 
locations does suggest along dip streaking activity. This marks the first 
observation of tremor streaking in Cascadia associated with the passage of 
strong teleseismic waves. It perhaps indicates accelerated slow slip produced
by the transient stress from teleseismic waves. This also suggests influence 
of transient stresses on the tremor activity. Interaction of propagating slow 
slip front with fault plane topography may have generated streaking tremor 
[Ghosh et al., 2010].
Modulation of tremor by body waves, which is relatively rare, is one of the 
most interesting observations of this study. Figure 5 shows that the tremor 
modulation is clear between the S waves and surface waves of the 2012 East
Indian Ocean earthquake (Mw 8.6) and during the continued passage of 
teleseismic surface waves. Tremor during the passage of S waves from the 
Mw 8.2 event is observable above noise (Figure 4). Modulation, however, is 
less obvious. Lower amplitude of the body waves relative to the previous Mw 
8.6 event may be responsible for the lack of clear modulation. Temporal 
evolution of state of stress surrounding the tremor source region may also 
play a significant role. We also find that there is a fairly impulsive start of the
energy packet associated with PKIKP (i.e., high‐frequency teleseismic 
compressional waves). We carefully inspected the high‐frequency signal at 
stations with increasing distance from the modulated tremor source (Figure 
S2). It confirms two critical points: (1) Regardless of the distance from the 
tremor source, a high‐frequency signal during PKIKP phases is recorded at all
stations. This clearly suggests that the energy is teleseismic and therefore 
not tremor. (2) Tremor recorded during S wave phases shows up only at the 
stations close to the source locations and completely fades far away from the
tremor source. This confirms the local origin of the signal radiating from 
tremor sources.
4 Discussion
It has been reported that tremor activity is extremely sensitive to small 
stresses imparted by earth tides and the passage of seismic waves from 
distant earthquakes. To understand the physics behind the dynamic 
modulating phenomenon, defining the critical modulating stress level is 
important. Reported critical stress perturbations are about 1–10 kPa for 
seismic waves [Peng et al., 2009; Gomberg, 2010] and about 9–35 kPa for 
tides [Thomas et al., 2009]. These values are close to the estimated stress 
drop of ETS events [Miyazaki et al., 2006]. The calculated dynamic stress 
transients on the Cascadia subduction thrust from the PGC data (σd = ~1.4 
kPa for Love waves, ~4.2 kPa for Rayleigh waves, and ~0.7 kPa for SS body 
waves) for the Mw 8.6 earthquake are much higher than the reported critical 
stress perturbations, and hence, even the small stresses imparted by the 
body waves could modulate tremors in the central Vancouver region. Tremor
is found to be modulated typically by surface waves. Triggering by body 
waves is less common. However, 0.8 kPa stress introduced by teleseismic P 
waves has triggered tremor at San Andreas Fault [Ghosh et al., 2009]. 
Hence, modulation of tremor by teleseismic S waves introducing ~0.7 kPa 
stress is clearly plausible and consistent with high stress sensitivity of 
tremor.
For the surface wave triggering, Love wave is characterized by higher 
triggering potential in this case. In the framework of Coulomb stress 
triggering and Mohr's circle, near‐strike‐parallel incidence wave, such as this 
case, along northern Cascadia has higher triggering potential [Hill, 2012]. 
Hence, it is not surprising to observe tremor modulation during Love waves. 
Modulation, however, continues well into the Rayleigh wave train, which has 
minimal triggering potential for the given geometry. Ongoing tremor swarm 
may help tremor modulation to continue even when the state of dynamic 
stress is not ideal.
Elevated tremor activity during the passage of teleseismic waves of the Mw 
8.6 event does suggest that accelerated slip may have been triggered by the
dynamic stresses. Even though stress magnitudes are toward the lower end 
of the spectrum, triggering in the present case may be easier because of the 
ongoing tremor swarm. Modulation of tremor in the form of tremor‐beating 
observed over time scales of minutes is quite spectacular, indicating a fault's
relatively quick response to transient stress pulses. Accelerated slip during 
the stress pulses can explain such tremor‐beating. It is also possible that 
more tremor patches are brought to failure during each stress pulse. 
Interestingly, tremor‐beating is not apparent during the passage of 
teleseismic P waves but becomes clear after the arrival of shear waves. 
Relatively higher amplitude of shear waves suggests that P waves may have 
not introduced enough stress to influence the tremor sources.
5 Conclusions
So far in most cases, the surface waves are believed to be responsible for 
remote triggering and modulation of tremors [Gomberg, 2010; Peng et al., 
2009; Chao and Obara, 2015]. Only a few cases have been reported of 
triggering due to body waves [Ghosh et al., 2009; Shelly et al., 2011]. Here 
we report evidence for clear modulation of tectonic tremors in the Cascadia 
subduction zone near Vancouver Island by the teleseismic shear (body) wave
phases, generated by the 11 April 2012, Mw 8.6 East Indian Ocean 
earthquake. The rate of tremor activity of an ongoing inter‐ETS sequence 
increased by 1.5 times during the passage of seismic waves of the 11 April 
2012, Mw 8.6, East Indian Ocean earthquake. The tremor modulation 
continued during the passage of the surface waves, and after that it was 
abruptly terminated and tremor activity returned to the background rate of 
the ongoing tremor episode. We estimate that ~0.7 kPa dynamic stress is 
introduced by the S body waves of the 11 April 2012, Mw 8.6, East Indian 
Ocean earthquake. This tiny stress is enough to significantly modulated 
tremor activity in the Vancouver Island region of northern Cascadia. 
Interestingly, modulated tremor shows slip‐parallel streaking activity 
indicating interaction between accelerated slow slip front and fault plane 
structure. Similar modulation is observed during the passage of the waves 
from the Mw 8.2 event, which occurs 2 h later.
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